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Abstract 
Temperature and time dependences of magnetization of Al-1.0%Zn-4.2%Mg, Al-2.6%Zn-
3.2%Mg, Al-4.1%Zn-1.1%Mg, and Al-5%Zn (at.%) alloys were measured in the range between 
10 and 310 K after various periods of natural aging and peak-aged heat treatments.  Enhanced 
diamagnetic contributions on the magnetization were observed for the as-quenched Al-Zn-Mg 
alloys for the first time.  The enhanced diamagnetism observed in Al-2.6%Zn-3.2%Mg and 
Al-4.1%Zn-1.1%Mg were found to largely alter in natural aging, while that of Al-1.0%Zn-
4.2%Mg little changed.  After peak-aged heat treatments, the diamagnetism of Al-Zn-Mg was 
largely reduced.  The binary Al-5%Zn showed neither enhanced diamagnetism nor natural 
aging effect on the magnetization.  Isothermal time variations of magnetization of Al-Zn-Mg 
alloys at 300 K were found to be related with solute-vacancy clustering. 
 
 




Al-Mg-Zn alloys (7000 series) are extensively used in aeronautical applications, due to 
exceptionally high mechanical strength, which depends on the microstructure of the 
precipitations of solute Zn and Mg atoms. The hardening takes place via various aging 
processes after a quench with ice-water from high temperature (T) of 753K (SHTQ), with which 
the supersaturated solid solution (SSSS) and then vacancy-rich clusters (VRC) are brought into 
initial materials.  The precipitation sequence from SSSS is usually presumed to be [1]: 
  SSSS → VRC → GPII and/or GPI → ’ →  (MgZn2). 
It has been proposed that clustering of solutes and vacancies into VRC precedes the formation 
of Guinier-Preston (GP) zones.  GPI zones form on the {001}Al plane at a low aging 
temperature including natural aging at room temperature (NA).  A high solution heat treatment 
temperature above 723 K results in VRC, and a subsequent artificial aging (AA) above 343 K 
leads to GPII zones on the {111}Al plane [1].  The GP zones and ’ phase are considered to be 
responsible for age hardening in this series.  In Al alloys, therefore, the diffusion and 
clustering of Zn, Mg and vacancy are very important for the final mechanical properties.  
Intensive studies have been carried out in an attempt to understand their composition, 
microstructure and evolution using techniques: atom-probe tomography (APT) [2, 3], a high-
resolution transmission electron microscopy (HRTEM) [1, 4, 5], etc.  These techniques are 
useful to observe precipitations in the GP zones, ’ and  phases, but hampered to investigate 
the early stage of solute clustering which proceeds quite quickly even at room temperature. 
  Recently we have measured time (t) dependence of magnetization (M) in isothermal 
conditions near room temperature of Al-Mg-Si alloys[6, 7].  The time variations of 
magnetization were found to quite resemble those of the positron annihilation-lifetime 
spectroscopy (PALS) [8-11] and resistivity [12-14].  Further the estimated activation energies 
of Mg/Si/vacancy clusters well agree with each other.  In this work, we measure temperature 
and time dependences of magnetization of Al-Zn-Mg alloys to investigate the early stage 
clustering behavior of solute Zn and Mg atoms with vacancies.  Abnormally large diamagnetic 
contributions have been found for the first time in the as-quenched samples (immediately after 
SHTQ).  Natural aging drastically decreased the diamagnetism of the Zn-rich samples, but 
little change occurred for the Mg-rich and Al-Zn binary samples.  The artificial aging with 
peak-aged conditions for the samples almost suppressed the diamagnetism, indicating that the 
diamagnetic contributions were strongly related with Zn/Mg/vacancy clusters and 
precipitations. 
 
2. Experimental Procedure 
The materials used in this study were prepared by melting pure Al with Mg and Zn (purities 
are 99.99 %) in air.  The resulting ingots were formed into 3.0 mm thick plates by hot and 
cold rolling.  Three kinds, Al-1.0%Zn-4.2%Mg (noted as ZM14), Al-2.6%Zn-3.2%Mg 
(ZM33) and Al-4.1%Zn-1.1%Mg (ZM41) (at.%), samples were prepared.   For a 
comparison, a binary Al-5%Zn sample was fabricated in an argon arc-furnace.  Several 
pieces of the samples were cut out from the plate with the approximate dimensions of 3.0 × 
3.0 × 4.0 mm3.  The samples were annealed at 753 K for 2 hours and directly quenched into 
ice-water.  It took about 3 minutes to load the sample into a superconducting quantum 
interference device (SQUID) magnetometer (Quantum Design, MPMS-XL7), then cooled 
down below 250 K in the as-quenched condition.  Field cool and zero-field cool 
measurements were carried out for ZM33 with procedures as follows; 1) firstly, the sample 
was in SHTQ condition and cooled down to 250 K inside the magnetometer within 3 minutes, 
2) M vs T measurements started from 250 K to 10 K by 10 K step in an external field of 7 T 
(field cool condition), 3) when the measurement sequence came to the end at 10 K, the 
external field was removed (zero field), 4) the sample was warmed up to 250 K, 5) waited for 
5 minutes at 250 K, then the sample was cooled down to 10 K again without field (zero-field 
cool condition), 6) at 10K, an external field was raised to 7 T, then M vs T measurements 
started from 10 K to 310 K by 10 K step.  The micro Vickers hardness was measured using 
MITSUTOYO HM-101 hardness tester (load: 0.98N, holding time: 15 s). 
 
3. Results and discussions 
Fig. 1 shows the age-hardening curves against AA time at 423 K in a logarithmic scale for 
ZM14, ZM33, and ZM41 [15].  The attained peak hardness values for ZM14, ZM33, and 
ZM41 were 86, 125, and 141 HV at approximately 600, 60, and 24 ks, respectively.  The high 
hardness value of ZM41 resulted from a high number density of precipitates [15].  The 
Zn/Mg/vacancy cluster structures have been proposed in the literature [4, 5].            
It is well known that a pure aluminum and a pure magnesium are paramagnetic, and a pure 
zinc is diamagnetic.  Using the literature values of magnetic susceptibility for Al, Mg and Zn 
near room temperature, calculated values of M are approximately 0.043 [16], 0.039 [17], and -
0.011 [18] Am2/kg in an external field of 7 T, respectively.  Fig. 2 shows temperature 
dependences of magnetization of Al, Mg, and Zn elements.  The observed M values of pure 
Al, Mg, and Zn well agree with the expected ones.  In the same figure, the temperature 
dependences of magnetization of ZM33 under the field cool and zero-field cool conditions were 
plotted.  The M vs T curves for ZM33 indicate surprising results; i) there were abnormally 
large diamagnetic contributions on the magnetization in the as-quenched ZM33 sample.  A 
simple calculation using the pure element M values for ZM33 gives M = 0.041 Am2/kg, but the 
observed value was 0.023 Am2/kg at 300 K.  The diamagnetic contribution is -0.018 Am2/kg 
that is almost two orders of magnitude larger than the expected value (-2.5 x10-4 Am2/kg) from 
the Zn concentration of the sample if the whole diamagnetic contribution was assumed to 
originate in solute Zn atoms.  ii) The diamagnetism depended on temperature, being enlarged 
at lower temperature.  iii) There was no magnetic-field hysteresis on the M vs T curves.  
There was no magnetic phase transition between 10 and 310 K.  iv) Little natural aging effect 
on magnetization occurred below 250 K since two M vs T curves for ZM33 overlapped. 
  The natural aging near 290 K for approximately 23 min for ZM33, however, made an effect 
on the magnetization as shown in Fig. 3a (red square).  (We assumed that natural aging 
proceeded in temperatures between 270 and 310K.  The period of 23 min was time spent in 
the M measurements from 270 K to 310 K, then cooled down below 260 K in the preceding as-
quenched measurement)  The diamagnetic contributions on magnetization decreased in NA.  
This phenomenon is likely related with the solute-vacancy clustering behavior.  The PALS for 
a pure aluminum has reported that the diffusivity of quenched-in excess vacancies continuously 
becomes small with decreasing temperature below room temperature [19].  The reduction of 
the diamagnetic contributions after NA near 290 K in ZM33 is, therefore, ascribed to solute 
clustering.  The diamagnetic contributions further decreased in additional NA (for ~75 min) 
as plotted by the orange triangle (Fig. 3a).  A drastic change in M vs T curve was found for the 
peak-aged ZM33: AA at 423 K for 1000 min (green diamond).  The M vs T curves for the 
peak-aged ZM33 (in Fig. 3a) and the pure aluminum (in Fig. 2) almost run parallel to each other.  
Further, there was little difference on the M vs T curves for the peak-aged and over-aged (for 
3640 min, open blue circle) ZM33, being similar to the age-hardening curve (Fig. 1). 
  The similar measurement sequence was applied for ZM41, but the first NA period was 
shorten to be approximately14 min.  The observed M vs T curves are drawn in Fig. 3b.  The 
overall appearances are similar to those in Fig. 3a, but NA near 290K for ~14 min seemed to 
decrease the diamagnetic contributions in ZM41 more than in ZM33, implying that the higher 
Zn concentration accelerated solute clustering in ZM41.  NA at 310 K for 540 min largely 
decreased the diamagnetic contributions.  The M vs T curve for the peak-aged ZM41 appears 
similar to that for the peak-aged ZM33. 
  The NA effect on the diamagnetic contributions on magnetization observed in ZM14 was 
quite different.  The diamagnetism of ZM14 little changed in NA near 290 K for ~14 min, 
even after additional NA at 310 K for 180 min and AA at 423 K for 1000 min (Fig. 3c).  (The 
diamagnetic contributions of ZM14 little changed in NA at room temperature for four months, 
not shown here)  Including the M vs T curve for the as-quenched ZM14, the four M vs T curves 
almost overlapped each other.  Finally, the diamagnetism was largely suppressed by the peak-
aged heat treatment at 423 K for 8 days.  Magnetization measurements of the binary Al-5%Zn 
in Fig. 3d show only paramagnetic M vs T curves in the as-quenched condition and NA at 300 
K for 17 days.  The PALS experiment has reported that the precipitation behavior is quite 
different between Al-Zn-Mg and Al-Zn alloys [20].   These observations confirm that the 
diamagnetic contributions of Al-Zn-Mg alloys are strongly related with Zn/Mg/vacancy 
clustering, thus the mechanical hardness.  This implies that the magnetic susceptibility can be 
used to check the mechanical property of Al-Zn-Mg alloys nondestructively.  
  Fig. 4 shows the time alterations of magnetization (M vs t) of Al-Zn-Mg samples in the 
isothermal condition at 300 K after SHTQ.  An additional M vs t curve for ZM33 at 270 K is 
also plotted.  The M vs t curves suggest that there are at least three stages in the natural aging 
process.  According to the time alterations of resistivity for ZM33, the stage transition time of 
approximately 150 min at 270 K corresponds to the required period from stage I (Zn-vacancy 
pairs and Zn-complexes forming) to II (Zn-rich cluster forming), and the transition time of 
approximately 100 min at 300 K is the one from stage II to III (Zn-Mg cluster forming) [14].  
PALS for Al-1.7%Zn-1.9%Mg [21] and Al-2.1Zn-1.5%Mg [22] (at.%) in natural aging process 
at room temperature demonstrated significant changes in the lifetime vs t curves around 60 min, 
being ascribed to the change in Zn/Mg/vacancy cluster formations.  The observed transition 
times on M vs t curves (marked by arrows) for ZM33 at 270 K and 300 K in Fig. 4 are consistent 
with those reported from the resistivity and PALS measurements, implying that the time 
variations of M are related with the Zn/Mg/vacancy clustering process.   
The increasing rate of magnetization (dM/dt) is large when the Zn concentration is high in 
Fig. 4.  The precipitation process of Al-Zn-Mg largely depends on the Zn concentration and 
Zn/Mg ratio since the number density of the early stage clusters likely depends on these 
parameters.  In fact, the number density of precipitates per unit area of the peak-aged ZM14 
was found to be approximately one third of that of ZM33 [15].  The mechanical hardness of 
Al-Zn-Mg alloys generally increases even in natural aging at room temperature.  The observed 
age-hardening curve for ZM14 at 393 K, however, little changed for 1 week [15], implying the 
precipitation process of this alloy is quite slow and/or different.  The HRTEM image of the 
peak-aged ZM14 showed the selected area electron diffraction (SAED) patterns corresponding 
to the T’ phase [15].  The slow (and possibly different) precipitation process in ZM14 is 
considered to remain the early stage solute-vacancy cluster structure stable in NA, causing the 
enhanced diamagnetism.  
  It is unclear what kind of solute-vacancy cluster structure produces the abnormally large 
diamagnetic contributions on magnetization of Al-Zn-Mg alloys.  Smontara et al. [23] has 
reported that the magnetic susceptibility of the Bergman phase, Mg32(Al, Zn)49, is Pauli 
paramagnetic with a significant Landau diamagnetic contribution using the single phase sample.  
The observed diamagnetic contribution, however, is too small to explain the present 
observations.  A density functional theory (DFT) calculation for MgZn2 phase has predicted 
an intense interaction taking place between Zn4p and Mg3p orbits nearby Fermi level and 
paramagnetism [24].  Recent TEM observations have suggested that Zn-rich layers formed in 
the early stage of clustering [1, 4, 5].  Since the magnetic susceptibility of the conduction 
electrons is proportional to the density of state at the Fermi level,  ~ B2D(EF), the DFT 
calculations for Zn layer structure would provide a key information on the diamagnetism. 
                
4. Conclusion 
  This work has reported natural and artificial aging effects on magnetic properties of Al-Zn-
Mg and Al-Zn alloys for the first time.  Abnormally large diamagnetic contributions on 
magnetization were found for the as-quenched Al-Zn-Mg samples.  The diamagnetic 
contributions decreased by natural aging in the Zn-rich samples, but little change occurred in 
the Mg-rich sample.  The diamagnetism almost disappeared after the peak-aged heat 
treatments.  Isothermal time variations of magnetization and resistivity of ZM33 were found 
to resemble each other.    These facts suggest that the observed diamagnetism is related with 
Zn-Mg cluster and precipitation structure.  The abnormally enhanced diamagnetism has 
brought about a new challenging target for a theoretical work of Al-Zn-Mg alloys. 
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Fig. 1 Age-hardening curves at 423 K obtained for Al-1.0%Zn-4.2%Mg (triangle), Al-2.6%Zn-




Fig. 2 Temperature dependences of magnetization of pure elements (Al, Mg, Zn) and the as 
quenched Al-2.6%Zn-3.2%Mg in an external field of 7 T (see text). 
   
   
Figs. 3 Temperature dependences of magnetization of (a) Al-2.6%Zn-3.2%Mg, (b) Al-4.1%Zn-
1.1%Mg, (c) Al-1.0%Zn-4.2%Mg, and (d) Al-5%Zn after various heat treatments in an external 
field of 7 T (see text). 
 
 
Fig. 4 Isothermal time variations of magnetization of Al-Zn-Mg samples at 300 K and Al-
2.6%Zn-3.2%Mg (ZM33) at 270 K. 
